ABSTRACT. We report an experimental study on the catalytic effect of solid water on the reactivity of hydrogen abstraction (H-abstraction) from dimethyl ether (DME) in the low-temperature solid DME-H 2 O complex. When DME reacted with deuterium atoms on a surface at 15-25 K, it was efficiently deuterated via successive tunneling H-abstraction and deuterium (D)-addition reactions. The "effective" rate constant for DME-H 2 O + D was found to be about 20 times smaller than that of pure DME + D. This provides the first evidence that the presence of solid water has a negative catalytic effect on tunneling H-abstraction reactions.
INTRODUCTION
Water is ubiquitously distributed not only on Earth but also in extraterrestrial environments such as planetary systems and interstellar space. In the coldest region of interstellar space, where the typical temperature is as low as 10 K, water is present in the amorphous solid state as an ice mantle of interstellar grains [1] . Amorphous solid water (ASW) is known to play a crucial role in promoting the formation of various molecules on cold interstellar grains. For instance, previous studies have experimentally demonstrated that the successive additions of hydrogen (H) atoms to solid carbon monoxide (CO), producing formaldehyde (H 2 CO) and methanol (CH 3 OH), are enhanced on the ASW surface relative to the pure CO solid [2] . In this reaction system, both H atoms and CO molecules are physisorbed on the ASW surface due to van der Waals interactions. In addition to such a physisorption system, water can form a complex with other molecules via hydrogen bonds (H-bonds) owing to its large dipole moment. Since H-bonding (typical binding energy: <20-25 kJ mol -1 [3] ) is generally stronger than van der Waals interactions, it may have a different catalytic effect for the chemical reactions of molecules forming a H-bond with water. For example, theoretical studies have reported that water clusters lower the activation barriers of chemical reactions such as hydrogen addition to a H 2 CO-water complex [4] . Furthermore, the rate of the reaction between hydroxyl radicals and acetaldehyde in the gas phase is significantly enhanced in the presence of a water molecule due to the formation of a H-bond [5] . H-bonds also play a catalytic role in the low-temperature formation of various complex organic molecules (COMs) such as glycine [6] . Moreover, there are other cases where the presence of a H-bond reduces the activation barrier of some reactions at low temperatures even in the absence of water [e.g., 7]. Nevertheless, due to the current lack of studies on these reactions, the effect of the H-bond with water on chemical reactions at low temperatures remains to be understood.
Thus, it is desirable to elucidate the influence of ASW-molecule complex formation via H-bonding in order to obtain a better understanding of chemical evolution on interstellar icy grains.
In the present study, we report experimental results for the surface reactions of a dimethyl ether (DME: CH 3 OCH 3 )-water complex or pure solid DME with deuterium (D) atoms at 15-25 K to reveal a possible catalytic effect of the H-bond with water on the reaction. DME, which is one of the most abundant COMs in interstellar space, is known to form a H-bond with water linking the DME oxygen atom and the hydrogen atom of water [8] . In the reaction of DME with D atoms, we expect successive H-abstraction and D-addition reactions (H-D substitution) to occur on the low-temperature surface ( Figure 1 ). This type of reaction on interstellar grains plays a crucial role in the chemical evolution toward deuterium enrichment of interstellar molecules. Despite a large activation barrier (>20 kJ mol -1 ) for the first H-abstraction reaction, these reactions are known to occur via the quantum tunneling effect for several organic molecules such as methanol [10, 11] , formaldehyde [12] , methylamine [13] , glycine [14] , and ethanol [15] . In addition, several experimental and theoretical studies have demonstrated that quantum tunneling plays an important role in various chemical systems, especially at low temperatures [e.g., [16] [17] [18] [19] [20] . Since an interstellar DME molecule is found to be highly deuterium-enriched (CH 3 OCH 2 D/CH 3 OCH 3 = ~15% [21] ), H-D substitution should be examined for the deuterium enrichment of DME. followed by the addition of a D atom to the formed CH 3 OCH 2 radical. The abstraction reaction has a large activation barrier of ~3600 K (~30 kJ mol −1 [9] ) in the gas phase.
EXPERIMENTAL METHODS
All reactions were performed in an experimental apparatus named Apparatus for Surface
Reactions in Astrophysics (ASURA), whose description is detailed elsewhere [11] . In brief, ASURA consists of a reaction chamber, an atomic-source chamber, multiple turbo molecular pumps, a quadrupole mass spectrometer (QMS), and a Fourier-transform infrared (FTIR)
spectrometer. The base pressure of the reaction chamber is of the order of 10 −8 Pa. An aluminum substrate, whose temperature can be controlled from 5 to 300 K, is mounted at the center of the reaction chamber. For the reaction of pure DME with D atoms, gaseous DME (99.9%, Takachiho Chemical Industrial Co., Ltd.) was vapor-deposited onto the substrate at 15 K through a capillary plate. The column density of DME was estimated to be ~1 × 10 16 molecules cm −2 . In the experiments for the DME-H 2 O complex, DME gas was premixed with distilled and deionized H 2 O in a sample preparation chamber with an approximate ratio of 1 (DME):4 (water), and was vapor-deposited onto the substrate at 15 K. Based on the peak area and band strength for the 3 µm band of H 2 O [22] , the H 2 O column density was estimated as ~2 × 10 16 molecules cm −2 .
The samples were exposed to D atoms produced in an atomic source by dissociation of D 2 molecules in microwave-induced plasma and cooled to 100 K through a cold pipe. The flux of D atoms was estimated as 1.7 ± 0.4 × 10 15 atoms cm −2 s −1 using the procedure described in ref. [23] . The samples were exposed to D atoms for up to 240 min, and gaseous samples desorbed from the substrate were monitored by QMS. Figure 2 shows the FTIR spectra of a pure DME solid and a DME/H 2 O mixture deposited at 15 K, with the CH 3 -stretching frequency region (~2800 cm −1 ) enlarged in the inset of the figure. Although the CH 3 -stretching band for the DME/H 2 O mixture is superimposed on the tail of the strong 3-µm band of H 2 O, the CH 3 -stretching frequency (2828 cm −1 ) is clearly blue-shifted by 12 cm −1 from that of the pure DME solid (2816 cm −1 ), which indicates the formation of a DME-H 2 O complex in the solid sample [8] . The observed peak shift is consistent with previous experimental [8, 24] and theoretical [25] studies. 
3. RESULTS AND DISCUSSION
where p s , F D , k D+D , and k des represent the D-atom sticking coefficient, the flux of D atoms, the rate constant of D + D recombination, and the rate constant of monoatomic desorption from the surface, respectively. Therefore, this can be reasonably assumed to be a pseudo-first-order reaction, and thus, the plots should be fitted by a single exponential decay function:
where N t , N 0 , A, and k represent the column density of DME at times t and t = 0, the saturation value, and the effective rate constant, respectively. The term k can be expanded
, where k' represents the actual rate constant [2] . Since [D] cannot be determined in the present experiment, the value of k (in min −1 ) is used as a fitting parameter.
The plots in Figure 5 could not be successfully fitted by a single exponential function (2), implying the presence of both reactive (fast decay) and less-reactive (slow decay) DME molecules on the upper-most surface and those embedded in lower layers, respectively. As a result, the effective rate constant k pure in pure solid DME experiment was derived from the 9 fitting of the plots in Figure 5 by a double-component exponential decay function for the decreases in both reactive and less-reactive parent molecules (for details, see Supporting Information). with increasing substrate temperature. A temperature dependence of the rate of surface reactions has often been observed in similar experiments at low temperatures [2] .
H-D substitution also occurred for DME in the DME-H 2 O complex ( Figure S2 ). Figure 6 plots the variation in the normalized column density of the DME-H 2 O complex after exposure to D atoms at 15 K, together with that of pure solid DME at 15 K for comparison.
Variations in DME abundance in the complex are shown for various temperatures in Figure   S3 . In contrast to the case of pure solid DME + D, plots for the DME-H 2 O complex can be fitted by a single exponential decay function (2) to obtain the value of k (hereafter denoted as
, where k' comp represents the actual rate constant for the reaction of the
DME-H 2 O complex with D atoms). The difference in decay (single or double components)
behaviors may originate from the difference in the structures of the sample solids; in the present study, pure DME solid is amorphous and likely has a porous structure, yielding different reactivities depending on the location in the solid. In contrast, although H 2 O and DME are amorphous in the complex, as indicated by the shape of the IR bands [8, 24, 27] , the complex is considered to be more compact than pure solid DME. This is inferred from the weak intensity of the dangling OH band for the complex ( cannot be measured in the present study, as mentioned earlier; however, because D atoms mostly physisorb on both pure solid DME and the DME-H 2 O complex, the adsorption energy of D atoms on pure solid DME should not differ significantly from that on the DME-H 2 O complex. Thus, [D] on pure solid DME would be comparable to that on the DME-H 2 O solid.
As a result, instead measuring D atoms, we compared the absorption energy of H 2 on pure solid DME to that on the DME-H 2 O complex because the H 2 molecule has the same mass as 13 that of a D atom and adsorbs on these solids via van der Waals interaction. After equal amounts of H 2 were deposited on each solid at 10 K, H 2 was detected by a thermal desorption method. The thermal desorption profiles of H 2 from both solids provide information about the absorption energy of H 2 . Figure 9 shows thermal desorption profiles of H 2 from pure DME and the DME-H 2 O complex with the same thickness as in the respective H-D substitution experiments shown above. Although H 2 began to desorb from each solid soon after the temperature increased, the peak temperature was slightly higher for the DME-H 2 O complex relative to pure DME. This result implies that the absorption energy of H 2 on the DME-H 2 O complex is very similar to, or slightly higher than, that on pure DME solid. This leads to a reasonable assumption that the number density of D atoms on the DME-H 2 O complex is identical to, or higher than, that on pure DME solid. Nevertheless, k comp is actually much smaller than k pure (Figure 8 ),
implying that k' comp is more than 20 times smaller than k' pure due to the formation of a complex with H 2 O via H-bonds. Further studies are highly necessary to more quantitatively evaluate the catalytic effect of water on the rate constant of the DME + D reaction. Figure 9 . Thermal desorption spectra of H 2 from pure solid DME (red) and DME-H 2 O complex (black).
Due to a large activation barrier of ~3600 K (~30 kJ mol −1 ) for the H-abstraction reaction ( Figure 1 ) [9] , this reaction should proceed through quantum tunneling at temperatures as low as 15 K. For simplicity, assuming a rectangular potential barrier with width a and height E a for the reaction, the rate of quantum tunneling k q can be roughly estimated from the following function [2, 28] :
where ν 0 and m represent the harmonic frequency and tunneling mass, respectively. As can be seen in eq. (3), the tunneling rate strongly depends on the tunneling mass and barrier shape.
Since the chemical reaction itself is the same in the two experiments (i.e., H-abstraction from DME by a D atom), the tunneling mass is the same. Likewise, ν 0 is expected to be similar in each case. In contrast, the potential width and height for the H-abstraction reaction may vary depending on the presence or absence of a H-bond with H 2 O. When DME forms a complex with H 2 O via a H-bond, where the oxygen atom of DME and a hydrogen atom of water act as the proton acceptor and donor, respectively, the lone-pair electron density of DME oxygen decreases, resulting in the relaxation of the intramolecular hyperconjugation between the lone-pair electrons of the DME oxygen and the σ-bond of the methyl group [8, 29] . This is accompanied by a lengthening of the C-O bond in DME and the propagation of the relaxation to the methyl group, resulting in the contraction of the C-H bond [8, 25, 30] . Since the contraction of a bond generally leads to its strengthening, the C-H bond becomes stronger in the complex, which would have a dominant contribution to the observed difference between k pure and k comp .
A simple DFT calculation suggests that the activation barrier for H-abstraction from the DME-water complex by a D atom is about twice as large as that from pure DME [31] . In addition, Woon [4] performed quantum chemical calculations in a similar reaction system to study the effect of water on H-abstraction from H 2 CO by H atoms. The activation barrier for the H-abstraction reaction
increases by ~4 kJ mol -1 in the presence of water molecules [4] . This may be explained by the same reason for the case of DME because the C-H bond in H 2 CO is considered to contract as a result of H-bond formation with water [32] . These calculations are consistent with the present results, which state that the reactivity for DME-water complex + D is much lower than that for pure DME + D.
Note that the 12 cm 
CONCLUSION
We experimentally studied the reactions of pure solid DME and a solid DME-H 2 O complex with deuterium atoms at low temperatures (15-25 K) to elucidate the possible catalytic effects of solid water on the reactivity of DME with D atoms on a low-temperature surface. Carbon-bound hydrogen of DME was abstracted by D atoms via quantum tunneling, followed by the addition of another D atom to yield deuterated DME. The effective rate constant for the DME-H 2 O complex with D atoms was about 20 times smaller than that for pure DME solid at 15 K. The reduction in reactivity is attributed to the negative catalytic effect of solid water via the formation of a H-bond between the hydrogen atom of water and the oxygen atom of DME, resulting in the strengthening of the C-H bond in the DME-H 2 O complex.
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